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Defects in the RNA-binding protein, TDP-43, are known to cause a variety of neurodegenerative diseases, including amyotrophic lateral
sclerosis and frontotemporal lobar dementia. A variety of experimental systems have shown that neurons are sensitive to TDP-43
expression levels, yet the specific functional defects resulting from TDP-43 dysregulation have not been well described. Using the
Drosophila TDP-43 ortholog TBPH, we previously showed that TBPH-null animals display locomotion defects as third instar larvae.
Furthermore, loss of TBPH caused a reduction in cacophony, a Type II voltage-gated calcium channel, expression and that genetically
restoring cacophony in motor neurons in TBPH mutant animals was sufficient to rescue the locomotion defects. In the present study, we
examined the relative contributions of neuromuscular junction physiology and the motor program to the locomotion defects and
identified subsets of neurons that require cacophony expression to rescue the defects. At the neuromuscular junction, we showed mEPP
amplitudes and frequency require TBPH. Cacophony expression in motor neurons rescued mEPP frequency but not mEPP amplitude. We
also showed that TBPH mutants displayed reduced motor neuron bursting and coordination during crawling and restoring cacophony
selectively in two pairs of cells located in the brain, the AVM001b/2b neurons, also rescued the locomotion and motor defects, but not the
defects in neuromuscular junction physiology. These results suggest that the behavioral defects associated with loss of TBPH throughout
the nervous system can be associated with defects in a small number of genes in a limited number of central neurons, rather than
peripheral defects.
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Significance Statement
TDP-43 dysfunction is a common feature in neurodegenerative diseases, including amyotrophic lateral sclerosis, frontotemporal
lobar dementia, and Alzheimer’s disease. Loss- and gain-of-function models have shown that neurons are sensitive to TDP-43
expression levels, but the specific defects caused by TDP-43 loss of function have not been described in detail. A Drosophila
loss-of-function model displays pronounced locomotion defects that can be reversed by restoring the expression levels of a
voltage-gated calcium channel, cacophony. We show these defects can be rescued by expression of cacophony in motor neurons
and by expression in two pairs of neurons in the brain. These data suggest that loss of TDP-43 can disrupt the central circuitry of
the CNS, opening up identification of alternative therapeutic targets for TDP-43 proteinopathies.

Introduction
Amyotrophic lateral sclerosis is the most common adult-onset
motor neuron disease, for which there is no cure or treatment
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neuron death, causing loss of motor function and ultimately
death (Guillain and Bailey, 1959). Although patient pathophysiology varies, ⬃90% of patient samples show the presence of insoluble protein aggregates in the somas of motor neurons (Arai et
al., 2006; Ayala et al., 2008). In 2006, the RNA binding protein
TDP-43 was identified as a major protein component in these
aggregates (Arai et al., 2006; Neumann et al., 2006).
TDP-43 contains two RNA binding motifs and a nuclear localization motif (Ayala et al., 2005). In healthy cells, it is primarily
localized to the nucleus where it functions to regulate gene expression and RNA metabolism (Ayala et al., 2008; Ihara et al.,
2013). TDP-43 is also found in the cytoplasm, where it shuttles
between the nucleus and the cytoplasm and is present in RNA
granules (Dewey et al., 2012). Postmortem tissue samples taken
from amyotrophic lateral sclerosis patients show a depletion of
TDP-43 from the nucleus, concurrent with the formation of
TDP-43 cytoplasmic inclusions (Kwong et al., 2007; Neumann,
2009; Nishimura et al., 2010). The etiology of TDP-43 proteinopathies is poorly characterized, and the relative contributions of loss of nuclear TDP-43 function or a gain of toxicity
associated with the formation of inclusions in disease pathogenesis is unknown (Arai et al., 2006; Hirsch, 2007; Kwong et al.,
2007; Neumann, 2009; Diaper et al., 2013b). Furthermore, although it is assumed that the dying-back of motor axons is concomitant with a loss of synaptic function at the neuromuscular
junction (Bezprozvanny and Hiesinger, 2013; Liu et al., 2013),
the specific function of TDP-43 in maintaining synaptic functions has not been elucidated (Hirsch, 2007).
A number of different model systems have been used to study
the effect of TDP-43 loss of function, including the fruit fly, Drosophila melanogaster (Casci and Pandey, 2015). The Drosophila
ortholog of TDP-43 is named TBPH. Several studies have shown
that TBPH is an essential gene, and knock-out mutants die just
before or soon after adult eclosion and have severe locomotion
defects in third instar larvae (Ayala et al., 2005; Feiguin et al.,
2009; Hazelett et al., 2012; Diaper et al., 2013a). To try and understand the molecular basis for these defects, we performed a
gene profiling experiment and showed that loss of TBPH led to
changes in expression of almost 1000 genes in the CNS of third
instar larvae (Hazelett et al., 2012). Subsequent experiments
identified the Type II voltage gated calcium channel, cacophony,
as a particularly important TBPH-regulated gene. In TBPH mutants, there was a 50% reduction in the protein levels of cacophony, and reversing this reduction in these mutants was sufficient
to rescue the larval locomotion defects (Chang et al., 2014).
Cacophony is the major source of presynaptic calcium influx
in the presynaptic motor terminals at the neuromuscular junctions (NMJ) (Kawasaki et al., 2004; Peng and Wu, 2007; Lee et al.,
2014). It is also a major component of the somatodendritic calcium current in motor neurons (Ryglewski et al., 2012), suggesting that loss of cacophony from either or both of these locations in
TBPH mutants could cause defective larval locomotion. In our
current study, we extend these observations and find that, in
addition to motor neurons, expression of cacophony specifically
in the AVM001b and AVM002b neurons is sufficient to rescue
TBPH-dependent larval locomotion.

Materials and Methods
Animals. All Drosophila stocks were reared at 25°C using standard procedures (Greenspan, 1997). For all experiments, animals of both sexes
were used. The D42-GAL4 motor neuron driver (w*; P{GawB}D42),
UAS-CACOPHONY (w*; P{UAS-cac1-EGFP}422A), UAS-TRPA1 (w*;
P{UAS-TrpA1(B).K}attP2), UAS-rpr.c (5824. w 1118; P{UAS-rpr.C}14),

and UAS-cacRNAi (y 1v 1; P{TRiP.JF02572}attP2) fly strains were obtained from the Bloomington stock center (http://flystocks.bio.indiana.
edu/). The following Janelia GAL4 drivers were also obtain from the
Bloomington stock center: R83E12-GAL4 (w*,P{GMR82E12-GAL4}
attP2, R12A09-GAL4 (w*;P{GMR12A09-GAL4}attP2, R15A04-GAL4 (w*;
P{GMR15A04-GAL4}attP2, R75C05-GAL4 (w*; P{GMR75C05-GAL4}attP2.
The TBPH-null mutant, UAS-TBPH, and TBPH-GAL4 driver lines
were described previously (Hazelett et al., 2012). In most experiments,
the background control line A1 was used. The A1 line was generated at
the same time as the TBPH-null mutant line by precise excision of a
transposon located just upstream of the TBPH gene (Hazelett et al.,
2012). The GluRIIA sp line was obtained from the Davis Laboratory. In
experiments with the GluRIIA sp fly line, the background control line
w1118 was used (Petersen et al., 1997). The UAS-mCD8::GFP; UASLacZ::NLS fly line was a gift from Dr. Sean Speese.
Crawling assays. Third instar larvae were rinsed in PBS and placed on
2% agarose plates at either room temperature or 30°C. The crawling
paths of the larvae were recorded for 5 min using a Moticam 1000 connected to a PC and using the MIPlus07 software (Motic Images). The
surface temperature of the agarose plates was monitored with a temperature sensor connected to a LabQuest Mini (Vernier) connected to a PC.
The distance traveled in each video was traced and quantified using ImageJ software (http://imagej.nih.gov/ij/). The number of full posteroanterior peristaltic waveforms and the number of head turns were counted
from these videos for each genotype. The distance of displacement for
each forward crawl was also measured from these videos, as well as the
duration of each wave, using the ImageJ software.
Electrophysiological methods. Intracellular recordings were made from
the larval body wall muscle 6 in abdominal segment 3 using glass microelectrodes as previously described (Engel, 2008). Recordings were
performed at room temperature in extracellular HL3 saline, which contained the following (in mM): 70 NaCl, 5 KCl, 20 MgCl2, 10 NaHCO3 115
sucrose, 5 trehalose, 5 HEPES, and 0.5, 1.0, or 2.0 CaCl2. Membrane
potentials were recorded using an Axoclamp-2A amplifier (Molecular
Devices), digitized at 10 kHz and stored with a Digidata 1440A digitizer
(Molecular Devices) connected to a PC (Dell). Excitatory junctional potentials (EJPs) were generated by injecting current into severed axons, at
0.5 Hz, via a suction electrode and an A310 Accupulser (World Precision
Instruments) through an isolation transformer. The average single EJP
amplitude of each recording was taken from 30 to 35 EJPs, whose amplitudes were measured using Clampfit 10.2 software (Molecular Devices,
Axon Instruments). Spontaneous miniature endplate potentials (mEPPs)
were recorded over 3 min and analyzed using Mini Analysis 6.0.0.7 (Synaptosoft). Quantal content was calculated as the ratio of mean EJP amplitude divided by the mean mEPP amplitude, and then averaging
recordings across all NMJs for a given genotype. For acute cacophony
block, larvae were incubated in plectreurys toxin (PLTX-II, from Alomone Labs) for 5 min.
To record patterns of motor activity from the ventral nerve cord, third
instar larvae were cut open along their dorsal midline, pinned open, and
extracellular recordings were made from peripheral nerves projecting
from the second and seventh neuromeres of the intact CNS. Nerves were
suctioned en passant with a glass suction electrode and recorded using an
A-M Systems Differential AC Amplifier, digitized at 10 kHz, and stored
with the Digidata 1440A digitizer as above. Recordings were made in
HL-3.1, which contained the following (in mM): 70 NaCl, 5 KCl, 4 MgCl2,
10 NaHCO3 115 sucrose, 5 trehalose, 5 HEPES, and 1.8 mM CaCl2. To
activate the motor program and stimulate fictive crawling, preparations
were acutely incubated with 30 M pilocarpine (Johnston and Levine,
1996). Recordings were made over 10 min and bandpass filtered (100 Hz
to 10 kHz) using Clampex software (Molecular Devices).
Sampled data from the nerves in the second and seventh abdominal
segments and a time stamp from the Digidata 1400A were passed to a
custom program as comma-delimited text files. The program rectified
and averaged the data into 1000 –1200 50 ms bins. For each epoch of
binned data, plots were prepared and auto- and cross-correlations were
computed after subtracting the mean value for the epoch, which greatly
increased the readability. The autocorrelation can be visualized as sliding
a copy of the first half of the epoch across the full epoch and computing

a correlation coefficient for each 50 ms increment in delay. Delays at
which peaks align in the two data epochs produce high positive correlations, whereas delays at which peaks align with valleys produce high
negative correlations. Generally, given measurements, Y1, Y2, . . . ., YN at
time X1, X2, . . . ., XN, the lag k autocorrelation function r is defined as
follows:
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Time of the first peak after t ⫽ 0 yields the period of the bursts in each
trace. Cross-correlations are computed according to a similar method,
except that the two half-data epochs are derived from data from both
traces (second and seventh abdominal segments) in the same animal. The
cross-correlation r at delay d of two series x(i) and y(i) where I ⫽ 0, 1, 2,
. . . , N ⫺ 1, is defined as follows:
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Where mx and my are the means of the corresponding series.
Again, times at which peaks in two traces align produce high correlations. The first peak of the cross-correlation gave the time delay
between the abdominal segment 7 (A7) and abdominal segment 2
(A2) bursts. Averaged, auto-, and cross-correlation data were written
as comma-delimited text files that were readable by Microsoft Excel
for additional manipulation (sometimes trace amplitudes were normalized) and plotting.
Immunohistochemistry. To visualize the expression pattern of the
GAL4 lines used, each driver line was crossed with the w*; UAS-mCD8::
GFP; UAS-LacZ fly line. Third instar larva from these crosses were filleted, while keeping their CNSs intact, in ice-cold HL3 saline and fixed in
4% PFA in PBS with 1% Triton X for 10 min at room temperature,
followed by 15 min at room temperature with agitation. Preparations
were then washed with PBS with 1% Triton X three times for 5 min with
agitation at room temperature. Samples were blocked in SEA Block (Calbiochem) for 15 min at room temperature. The preparations were then
incubated 3 times overnight at 4°C in anti-GFP in 50% glycerol (1:200;
ThermoFisher).
Following incubation in primary antibodies, the preparations were
washed 4 times for 30 min in PBS with 1% Triton X with agitation. The
preparations were then incubated 3 times overnight at 4°C in goat antirabbit IgG AlexaFluor-488 (ThermoFisher). Following incubation, samples were washed four times for 30 min in PBS with 1% Triton X and
incubated for 30 min in Vectashield (Vectorlabs). The samples were then
mounted in Vectashield and imaged using an Olympus FV1000 laser
scanning confocal.
Experimental design and statistical analysis. GraphPad Prism 6 software
was used to generate the graphs in this work. Datasets were analyzed for
significance using either an ordinary one-way ANOVA with a Sidak’s
multiple-comparison test (see Figs. 1, 3, 6, 7) or multiple t tests with
Holm–Sidak multiple-comparison correction (see Fig. 5). A 95% CI was
used to determine significance ( p ⬍ 0.05). See figure legends for sample
sizes, p values, and associated F and t values.

Results
Expressing cacophony in centrally located neurons rescues the
TBPH mutant crawling defect
Larval crawling is a highly stereotyped behavior characterized by
the synchronous contraction of muscles on the left and right side
of the body (Fox et al., 2006). Forward crawling is generated by
peristaltic waves of muscle contractions, which travel from posterior to anterior body wall segments (Fox et al., 2006). These

peristaltic waves are generated by central pattern generators and
are dependent upon firing of motor neurons in the ventral nerve
cord (Inada et al., 2011). We have previously shown that loss of
TBPH causes a dramatic reduction in the distance that larvae
crawl, which can be rescued by driving cacophony expression in
motor neurons using the D42-GAL4 driver (Chang et al., 2014).
These results suggested that the reduced crawling distances were
therefore due to a motor neuron-specific defect in the TBPH
mutants. However, closer inspection of the D42-GAL4 driver has
revealed that it shows expression not only in motor neurons of
the ventral nerve cord, but also cells in the protocerebrum of the
brain and peripheral sensory neurons along the body wall (Sanyal, 2009). Therefore, we examined another motor neuron driver
described as being more specific for motor neurons, OK6-GAL4
(Sanyal, 2009). As previously described, expressing TBPH with
the TBPH-GAL4 driver only partially rescued the larval crawling
defects (Fig. 1A). By contrast, expressing cacophony in motor
neurons using the OK6-GAL4 driver in the TBPH mutant was,
like the D42-GAL4 driver, more effective at restoring the distance
crawled than rescue with TBPH (Fig. 1A).
Although OK6-GAL4 showed more restricted expression specific to the motor neurons in the ventral nerve cord, it also
showed expression in the brain hemispheres (Sanyal, 2009). To
explore in more detail which cells require expression of cacophony to restore locomotion in the TBPH mutants, we tested a
variety of additional driver lines that showed restricted expression in discreet sets of cells in the ventral nerve cord and brain and
had been shown to affect larval crawling behaviors (Vogelstein et
al., 2014). The drivers tested were as follows: R75C05-GAL4,
which shows expression in the AVMOO1b/2b cells in the brain;
R82E12-GAL4, which shows expression in the A08n cells in the
CNS; R12A09-GAL4, which shows expression in the TINa cells in
the ventral nerve cord; and R15A09-GAL4, which shows expression in the SeIN161 cells in the CNS (Vogelstein et al., 2014).
Unlike using the TBPH driver to restore TBPH levels, which
partially rescued adult lethality (Hazelett et al., 2012), none of the
drivers used to express cacophony was able to rescue lethality.
These experiments revealed two additional drivers, R75C05GAL4 and R12A09-GAL4, that were sufficient to rescue locomotion when used to express cacophony in the TBPH mutant
background (Fig. 1A). Of the two, only R75C05-GAL4 was sufficient to rescue the crawling defect to the same extent as the motor
neuron driver OK6-GAL4. R75C05-GAL4 drives expression in
the AVM001b/2b neurons whose cell bodies are located in the
protocerebrum of the Drosophila brain. Activation of these cells
had previously been shown to produce a 20% increased probability of larval escape behavior during larval crawling (Vogelstein
et al., 2014). Restoring TBPH only in the AVM001b/2b neurons
using the R75C05-GAL4 driver in the TBPH mutant background
increased the distance crawled relative to the TBPH mutant, although this increase was not statistically significant. To test
whether increased levels of cacophony in a wild-type background
was sufficient to increase crawling distance, we also expressed
cacophony with Elav-GAL4, OK6-GAL4, and R75C05-GAL4 in a
wild-type background. None of these larvae showed any difference in crawling distance compared with controls (Fig. 1B).
The total distance crawled is a relatively crude measure of the
output of the motor program and is insufficient to identify specific defects in the motor program of TBPH mutant animals. To
examine the TBPH mutant crawling behavior in more detail, we
quantified the frequency of posterior-anterior peristaltic waves,
the time in which it took these waves to traverse the body completely,
and the total displacement resulting from each wave. We then exam-

Figure 1. TBPH mutant larvae show defective motor behavior, which can be rescued by cacophony expression in selected neurons. A, TBPH-null mutants (tbphD) crawl shorter distances than
control larvae, which is partially rescued with the expression of a TBPH cDNA using a TBPH-GAL4 driver in the TBPH mutant background. Expression of cacophony in motor neurons using either the
D42-GAL4 or the more specific OK6-GAL4 driver also rescues this effect. A variety of addition drivers were also used to express cacophony, the most effective of which was the R75C05-GAL4 driver.
Expression of tbph with the R75C05-GAL4 driver did not elicit a significant rescue of this effect. Data were analyzed using ordinary one-way ANOVA with a Sidak’s multiple-comparisons test
(F(7,154) ⫽ 48.58, p ⬍ 0.0001). ****p ⬍ 0.0001. ***p ⫽ 0.001. *p ⫽ 0.0238. B, Expression of cacophony, with a variety of driver lines in the wild-type background, has no effect on total distance
crawled (F(3,53) ⫽ 2.492, p ⫽ 0.0701). C–F, A more detailed examination of the crawling behavior shows cacophony expression in either motor neurons or using the R75C05-GAL4 driver rescues all
measured components of crawling behavior. C, Frequency of peristaltic waves. Loss of TBPH led to an 80% reduction in the number of complete waves that progressed along the body, which was
partially rescued with tbph or cacophony expression (F(4,69) ⫽ 27.46, p ⬍ 0.0001). ****p ⬍ 0.0001. ***p ⫽ 0.05. **p ⫽ 0.0131. *p ⫽ 0.0172. D, Duration of peristaltic wave. The time taken for
a complete peristaltic wave to traverse the larva was significantly increased in tbph mutants, which was rescued with either tbph or cacophony expression (F(4,44) ⫽ 11.40, p ⬍ 0.0001). ****p ⬍
0.001. ***p ⫽ 0.004. **p ⫽ 0.0031. E, Number of waves producing displacement. The peristaltic waves in TBPH mutants were less likely to cause the larvae to move forward compared with controls,
which was also rescued by tbph and cacophony expression (F(4,41) ⫽ 26.22, p ⬍ 0.0001). ****p ⬍ 0.001. F, Distance moved per peristaltic wave. For those waves that did produce displacement,
the distance traveled was reduced in TBPH mutants, which was again rescued by TBPH and cacophony expression (R(4,41) ⫽ 16.8). ****p ⬍ 0.001. Data are mean ⫾ SEM of at least 10 animals.

ined how driving cacophony in all motor
neurons and more discreetly in the
AV00M1b/2b cells altered these parameters
(Fig. 1).
TBPH mutants show an 80% reduction in the number of complete posterioranterior peristaltic waves in the 5 min
observation period compared with background controls (Fig. 1C). This reduction
was partially rescued by expressing tbph
with the tbph driver, and a more complete
rescue was achieved by expressing cacophony in motor neurons using the OK6GAL4 driver (Fig. 1C). Similarly, driving
cacophony with R75C05-GAL4 also partially rescued this parameter, although not
as fully as the motor neuron driver (Fig.
1C). The time taken for a complete peristaltic wave to travel the length of the larvae took approximately twice as long in
TBPH mutant larvae compared with control animals (Fig. 1D). This parameter was
also rescued by tbph and by driving cacophony with both the motor neuron and Figure 2. Expression patterns of the GAL4 drivers. A, Expression pattern of D42-GAL4 driving UAS-mCD8::GFP expression. Signal
R75C05-GAL4 drivers. Of the 50 com- is enhanced with GFP antibody. B, Expression pattern of OK6-GAL4 driving UAS-mCD8::GFP expression; signal is enhanced with GFP
plete posterior-anterior peristaltic waves antibody. C, Expression of R75C05-GAL4 driving UAS-mCD8::GFP; signal is enhanced with GFP antibody. D, Expression of R75C05GAL4 driving UAS-mCD8::GFP in the tbph mutant background (TBPH⌬). Ten larvae were visualized for each construct. Scale bars,
TBPH mutants completed over 5 min, 50 m.
⬃60% of these failed to produce forward
displacement (Fig. 1D), which was measeemed likely that evoked synaptic transmission would be defecsured as averaging 0.25 mm (Fig. 1F ). This contrasts with the
tive in tbph mutants. Surprisingly, when we measured the amplicontrol and all the rescues in which almost each complete peritude of the evoked EJPs in TBPH mutant larvae, we found no
staltic wave produced displacement of ⬃1.0 mm (Fig. 1 E, F ).
significant difference compared with controls (Fig. 3A). We
These results show that the behavioral defects in TBPH mumade these measurements at a variety of calcium concentrations
tants can be rescued not only by restoring cacophony broadly in all
as the size of the cacophony-dependent EJP amplitude is depenmotor neurons, but also, surprisingly, by selectively restoring it in
dent on the external calcium concentration (Lee et al., 2014), but
the discreet set of AVM001b/2b neurons located in the brain.
detected no significant difference in the EJP amplitude comparThere appear to be relatively little qualitative or quantitative difing
tbph mutants with controls in 1 mM extracellular calcium
ferences in the restoration of the behavior by expressing cacoph(Fig.
3A). We also failed to see a difference at calcium concentraony in these two different populations of neurons.
tions
between 0.5 and 2 mM (data not shown). In addition to
To verify the expression patterns of the OK6-GAL4 and R75C05measuring
evoked neurotransmitter release, we analyzed spontaGAL4 driver lines used in our experiments, both driver lines were
neous
neurotransmitter
release by measuring the amplitude and
crossed with flies expressing UAS-mCd8::GFP. Animals expressing
frequency
of
mEPPs.
At
1 mM calcium, tbph mutants had signifiOK6⬎mCD8::GFP show broad expression within lateral motor
cantly smaller mEPPs compared with control animals (Fig. 3B,C).
neurons of the neuropil, as well as expression in cells located in
This effect was also detected at 2 mM calcium, although not at
the brain (Fig. 2B). This expression pattern matches those previ0.5
mM (data not shown). These observations were similar to
ously reported by Vogelstein et al. (2014). Animals expressing
those
reported for another tbph mutant allele (Diaper et al.,
R75C05⬎mCD8::GFP show localized, bilateral expression in two
2013a, b). To determine whether this reduction was due to the
cells whose cell bodies appear to be housed in the protocerebrum of
loss of TBPH, we expressed tbph in the tbph mutants using the
the brain (Fig. 2C). This expression is identical to the expression
TBPH-GAL4 driver. The mEPP amplitude was significantly
pattern reported by Vogelstein et al. (2014), in which those cells were
increased, suggesting that the reduced size was due to loss of
identified as AVM001b and AVM002b. It should be noted that axtbph. However, expressing cacophony either in the motor neuonal projections from those cell bodies were occasionally obrons or with the R75C05-GAL4 driver failed to rescue this
served extending into the ventral nerve cord, but never leaving
phenotype (Fig. 3C).
the CNS. To verify the AVM001b/2b cells were present in tbph
We also quantified the frequency of spontaneous vesicle remutants, we also expressed R75C05⬎mCD8::GFP in the TBPH
lease in tbph mutants. The frequency of mEPPs in tbph mutants
mutant background (Fig. 2D). The AVM001b/2b cells appear to
was significantly lower than that of control animals (Fig. 3E). This
be intact in the tbph mutant background.
reduction was not rescued by expressing tbph under the control
of the tbph promoter (Fig. 3E). It was, however, restored by exSynaptic transmission at the NMJ
pressing cacophony in motor neurons using the OK6 driver (Fig.
Cacophony is required for evoked neurotransmitter release at the
3E). Notably, there was no significant increase in the frequency of
larval NMJ (Kawasaki et al., 2004; Kuromi et al., 2004). As we meamEPPs when we expressed cacophony with the R12A09-GAL4
sured a significant reduction of presynaptically localized cacoph(data not shown) or R75C05-GAL4 drivers (Fig. 3D), suggesting
ony at the larval NMJ in tbph mutants (Chang et al., 2014), it

Figure 3. Synaptic physiology at the larval NMJ is defective in TBPH mutants. A, Representative examples of EJPs from control and TBPH mutant larvae. B, EJP amplitude is unchanged in all
genotypes tested. Data were analyzed using ordinary one-way ANOVA with a Sidak’s multiple-comparison test (F(4,80) ⫽ 0.5015, p ⫽ 0.7347). C, Representative example of mEPP control and TBPH
mutant larvae showing smaller and less frequency mEPPs in TBPH mutants. D, The mEPP amplitude is reduced in TBPH mutants (red), which is rescued by expression of TBPH (black), but not by
expression of cacophony (pink). ***p ⬍ 0.001. *p ⫽ 0.0127. F(4,80) ⫽ 6.074 ( p ⫽ 0.0003). E, The mEPP frequency is reduced in TBPH mutants and is not rescued by TBPH expression, but is rescued
by expression of cacophony in motor neurons, but not with the R75C05-GAL4 driver. ***p ⫽ 0.0458. **p ⬍ 0.0001. F(4,79) ⫽ 7.644 ( p ⬍ 0.0001). F, Quantal content. The quantal content of the
EJPs was calculated as the ratio of EJP amplitude to mEPP amplitude as was increased in both TBPH and glutamate receptor mutants. The double mutant showed no further increase in quantal
content. **p ⫽ 0.0143. *p ⫽ 0.047. R(2,61) ⫽ 3.940 ( p ⫽ 0.0246). All experiments were performed in 1 mM calcium. Data are mean ⫾ SEM of at least 10 animals.

that the alterations in mEPP frequency were not associated with
the behavioral defects of tbph mutants.
The finding that the tbph mutants have unchanged EJP amplitude despite having reduced mEPP amplitude suggested that
synaptic homeostasis had compensated for the reduced mEPP
amplitude. Synaptic homeostasis is the process whereby synaptic
strength is maintained within physiological ranges, especially
when faced with perturbations of synaptic function, such as the
loss of presynaptic voltage-gated calcium channels or postsynaptic glutamate receptors (Turrigiano, 2007). At the Drosophila
NMJ, there is accumulating evidence for several parallel signaling
pathways acting to generate changes in quantal content to compensate for an altered postsynaptic response (Turrigiano, 2007).
Based on these findings, we calculated quantal content of the EJP
in TBPH mutants show that there is a significant increase in
quantal content (Fig. 3E), confirming that the NMJ in tbph mutants is capable of synaptic homeostasis. Previous studies have
shown that the signaling pathways that generate homeostasis

converge on cacophony to enhance presynaptic calcium influx
and thus neurotransmitter release (Frank et al., 2006; Müller and
Davis, 2012; Frank, 2014).
As cacophony levels are reduced in tbph mutants and they
nevertheless exhibit synaptic homeostasis, it is possible that no
further homeostasis was possible. To test this, we imposed a postsynaptic challenge by genetically expressing a loss-of-function
allele of the ␣-2 subunit of the glutamate receptor (GluRIIA sp16)
in the tbph mutant (Petersen et al., 1997). As expected, the EJP
amplitude in the GluRIIA SP16 mutants was unchanged while the
mEPP amplitude was reduced, thereby indicating the expected
higher quantal content compared with controls (Fig. 3E) as previously described (Petersen et al., 1997). When this mutation was
combined with the tbph mutant, there was no additional increase
in quantal content (Fig. 3E).
An unexpected result from the analysis of synaptic transmission was the apparent cacophony dependence of the frequency of
mEPPs (Fig. 3E) as this parameter is not normally thought to be

Figure 4. Effect of the Cacophony irreversible antagonist PLTX-II on NMJ synaptic transmission. A, The EJP amplitude is blocked by ⬎90% in both control and TBPH mutant larvae. Data were
analyzed using multiple t tests with Holm–Sidak multiple-comparison correction. ****p ⬍ 0.00001 (t(18) ⫽ 11.8485, t(20) ⫽ 7.13139). B, PLTX-II significantly reduces mEPP frequency in both
control and TBPH larvae. ****p ⫽ 0.000268908 (t(18) ⫽ 4.45932). ***p ⫽ 0.000231752 (t(20) ⫽ 4.7188). C, PLTX-II has no effect on mEPP amplitudes in either control or TBPH larvae ( p ⫽
0.0947586, t(18) ⫽ 1.75391; p ⫽ 0.151073, t(20) ratio ⫽ 1.54309). Data are mean ⫾ SEM of at least 10 animals.

directly regulated by voltage-dependent calcium channels (Lee et
al., 2014). To confirm that the frequency of mEPPs was cacophony dependent, we used the small peptide PLTX-II to block cacophony function. PLTX-II is a specific, irreversible inhibitor of
Type II voltage-gated calcium channels and blocks cacophony
function specifically (King, 2007). We measured both EJP amplitudes and mEPP frequencies in the presence of a high concentration (2 nM) of PLTX-II (Fig. 4). In the presence of PLTX-II, EJP
amplitude was, as expected, reduced by ⬎95% in both the TBPH
mutant and control animals, confirming the cacophony dependence of the EJPs (Fig. 4A). The frequencies of mEPPs were similarly reduced by ⬎60% in both the TBPH mutant and control
animals, suggesting that acute cacophony function is also required
to regulate the spontaneous release of vesicles (Fig. 4B). The amplitude of the mEPPs was, as expected, unaffected by PLTX-II
(Fig. 4C).
These results demonstrate some defects in synaptic transmission due to the loss of TBPH, some of which can be reversed by
expression of cacophony in motor neurons. However, the lack of
concordance between the cacophony dependence of synaptic
physiology and behavior suggests that these defects are not sufficient to explain the defects in larval locomotion.
CNS motor output
Forward larval crawling is generated by peristaltic waves traversing the length of the larval body wall in an posterior to anterior
fashion (Fox et al., 2006). The rhythmicity of these waves is likely
to be generated by a central pattern generator (CPG) (Marder
and Bucher, 2001; Kohsaka et al., 2012). The CPG generates
rhythmic bursts of activity within a segment and also coordinates
patterns of bursts between segments to generate a delay between
bursts in adjacent segments (Inada et al., 2011; Kohsaka et al.,
2012; Fushiki et al., 2016). Experiments blocking the activity of
motor neurons have shown that motor neurons in the ventral
nerve cord are not merely downstream effectors of the CPG, but
function to regulate the propagation of the patterned activity
between adjacent segments (Inada et al., 2011). Our behavioral
analysis has shown that tbph mutants show far fewer anteroposterior peristaltic waves (Fig. 1B), a higher occurrence of incomplete waves (Fig. 1D), and longer times to completions of their
peristaltic waves (Fig. 1C) than background controls. These components of the behavior can be restored by expressing cacophony
in both motor neurons and neurons in the brain. To determine
whether restoring expression of cacophony in these populations

of neurons had the same effect on the output from the CPG, we
monitored the motor output from the CNS in semi-intact larvae.
We made focal extracellular recordings en passant from intact
peripheral nerves projecting on muscle 6/7 in A2 and A7 (Figs. 5,
Fig. 6). When the preparation was bathed only in saline solution,
we observed spontaneous bursting in control animals that became more reliable with the addition of pilocarpine. Subsequent
experiments used pilocarpine (30 M) to activate the motor program and has been shown previously to stimulate fictive crawling
(Johnston and Levine, 1996; Baudoux et al., 1998). No consistent
bursting was observed in mutant animals, even with the addition
of pilocarpine, although nonpatterned activity was clearly visible
(Fig. 6A).
To quantify the motor patterns from the nerves innervating
A7 and A2, we first rectified each trace and grouped each data
point into bins of 50 ms (Fig. 5 A, B). Each rectified trace was then
run through an autocorrelation function (Fig. 5C). Autocorrelation is a mathematical tool for finding nonrandom patterns
within a time-dependent dataset and can be used to measure the
similarity between observations as a function of the time lag between them (Ryan, 2006). From the lag time of the first peak, we
calculated the frequency of bursts for the nerves innervating A7
and A2 (Fig. 5C). To calculate the lag time between corresponding A7 and A2 bursts, the A7 and A2 recordings were crosscorrelated. Cross-correlation is a mathematical tool in which the
similarity of two series is measured as a function of the displacement
of one relative to the other (Ryan, 2006). The lag time between A7
and A2 bursts was calculated from the cross-correlation coefficient
(Fig. 5D).
Of the recordings made on the tbph-null mutant, only 30% of
recordings elicited an autocorrelation peak. These animals
showed an average frequency of 5 bursts per minute, a 50% reduction from the 10 burst per minute of the control (Fig. 6C).
Restoring TBPH with the TBPH-GAL4 driver reversed this effect.
Restoring cacophony with either the OK6 and R75C05 driver also
reversed this effect. It should be noted that, because these recordings are made en passant, there is likely intact sensory neuron
feedback acting on the motor program.
Of the 30% of tbph-null mutant recordings eliciting a crosscorrelation peak, the average delay between segments 7 and 2 was
8 s (Fig. 6D). This delay is twice as long as the 4 s delay measured
in controls. Restoring TBPH with the TBPH-GAL4 driver reversed this effect. Restoring cacophony with the OK6 and R75C05
driver also reversed this effect. Indeed, restoring cacophony with

Figure 5. Extracellular recordings of motor bursts from intact nerves were analyzed via autocorrelation and cross-correlation. A, Extracellular recordings were made of intact nerves innervating
A2 and A7. The example trace was taken over 60 s of a control animal. B, To smooth and decrease the size of the data file, each trace was rectified and data averaged into 1200 bins of 50 ms. C, To
calculate the frequency of motor bursts in each recording, an autocorrelation was performed and the autocorrelation coefficient taken from the peak of the first lag (lag 1). The peak at t ⫽ 0 is 1.0
because the undelayed data correlate perfectly with themselves. D, To calculate the time between A7 and A2 bursts, a cross-correlation was performed on each set of recordings. The time between
bursts was extrapolated from the first peak of the cross-correlation.

the R75C05 driver produced the most robust reversal of this
effect.
The AVM001b/2b cells are not an integral component of the
motor circuit
Activation of AV001b/2b cells has been reported to drive escape
behavior in crawling larvae (Vogelstein et al., 2014), and we have
shown genetically driving cacophony in these cells, in the TBPH
mutant restores larval crawling behavior and rhythmic motor
bursts. We therefore asked whether this rescue could be reproduced by acute activation of these cells in the TBPH mutant
background. To answer this question, we drove the temperatureactivated channel, TrpA1, under UAS/GAL4 control with the
R75C05-GAL4 driver in the TBPH mutant background. TrpA1
(transient receptor potential A1) is one of three thermosensation
channels in Drosophila that detect subtle changes in ambient temperature and can be activated by warm temperatures (Neely et al.,
2011; Luo et al., 2017).

Larval crawling was measured at 25°C, when TrpA1 is inactive, and 30°C, a temperature that activates TrpA1, over 5 min
(Fig. 7). To confirm that the UAS-TrpA1 was being activated on
our apparatus, we expressed it using the OK6-GAL4 driver and
observed that, at 30°C, the animals were, as expected, completely
paralyzed (Fig. 7A). At room temperature, they crawled the same
distance as controls (Fig. 7B). Driving UAS-TrpA1 with the
R75C05-GAL4 driver in the TBPH mutant background had no
effect on crawling distance at 30°C (Fig. 7A), crawling no further
than either parental control. Because we could not rule out the
possibility of a sensory defect in the TBPH mutants that could be
causing them to simply not sense the elevated temperature, we
repeated the experiment with animals in which we drove UAScacophony with the R75C05-GAL4 driver. These animals show an
increase in distance crawled over time at 30°C, a similar increase
to that observed in the control animals (Fig. 7A). These results
suggest that the cacophony rescue is not solely due to the activation of the AVM001b/2b cells, but rather is likely dependent upon

Figure 6. ThemotoroutputfromtheCNSofTBPH-nullmutantsisunpatternedanduncoordinated.A,Representativeexamplesofthemotoroutputshowthatcontrollarvaeexhibitregular,patternedmotor
bursts that progress from A7 and A2. By contrast, recordings from TBPH mutant larvae show infrequent, poorly defined, uncoordinated bursts (recordings from 3 different TBPH mutant larvae are shown).
B, Representative examples of recordings from TBPH mutant larvae expressing TBPH and cacophony in motor neurons (OK6⬎CAC), and Cacophony in AV001b/2b cells (R75C05⬎CAC) showing that the
patternedoutputisrestored.C,D,Quantificationofpatternedburstingparametersusingautocorrelationandcross-correlationofrectifiedrecordings.Datawereanalyzedusingordinaryone-wayANOVAwitha
Sidak’s multiple-comparison test. C, Frequency of motor bursts. An autocorrelation analysis was performed on each recording to test whether the bursting showed nonrandomness. Less than 50% of the
recordingsfromTBPHmutantlarvaeshowednonrandombursting.FortheTBPHmutantlarvaethatshowednonrandombursting,thefrequencyofburstswasreducedby⬃50%comparedwithcontrollarvae.
This reduction was restored by expression of either tbph or cacophony in both motor neurons and the AVM001b/2b cells (R75C05⬎CAC; D). *p ⫽ 0.0002. **p ⫽ 0.004. ***p ⬍ 0.0001. R(4,43) ⫽ 11.39 (p ⬍
0.0001).D,BurstingdelaybetweenA7andA2.TheoffsetbetweenburstsinA7andA2wascalculatedfromcross-correlationsbetweenA7andA2tracesineachanimal.Thenonrandompatternrecordingsfrom
TBPH mutant larvae exhibited an offset between A7 and A2 motor neurons of approximately twice that of the control animals. This increased delay was restored by expression of both TBPH and cacophony.
****p ⫽ 0.0001. ***p ⫽ 0.0006. **p ⫽ 0.0016. *p ⫽ 0.0039. F(4,36) ⫽ 6.214 (p ⫽ 0.0007). All recordings were done in HL3.1 saline solution containing 1.8 mM calcium and 30 M pilocarpine. Recordings
were taken from A2 and A7 motor nerves of at least 10 animals of each genotype. Data are mean ⫾ SEM of at least 10 animals.

the chronic restoration of cacophony in the TBPH mutants
throughout development. To test whether reducing cacophony
in the AVM001b/2b neurons had the opposite effect, we expressed UAS-cacRNAi in these cells and found that this had no
effect on larval crawling (Fig. 7C). Similarly, driving this UAS line
with either the D42-GAL4 or Elav-GAL4 drivers also had no effect on crawling distance (data not shown).
As the AVM001b/2b cells act on the motor circuit, we tested
whether eliminating these cells would inhibit larval crawling behavior (Fig. 7C). To kill these cells, we made use of the gene reaper
(rpr), the protein that activates programmed cell death in Drosophila (Chen et al., 1996; Mohseni et al., 2009). We drove UASrpr in a wild-type background under the pan neuronal driver
Appl-GAL4, in addition to the OK6-GAL4 and R75C05-GAL4
drivers. To verify that expression of UAS-rpr with R75C05-GAL4
was indeed killing the cells, we simultaneously drove UAS-

mCD8::GFP with rpr and tested for fluorescence in the brain (Fig.
7D). We saw no fluorescence in the brain, verifying that expression of UAS-rpr was sufficient to kill the cells. Embryos in which
UAS-rpr was driven with ApplX-GAL4 or OK6-GAL4 failed to
hatch into the first instar. Driving UAS-rpr with R75C05-GAL4,
however, produced third instars that crawled normally (Fig. 7C).
It therefore appears that killing these cells is not sufficient to
inhibit larval crawling.

Discussion
We have shown that genetically restoring the Type II voltage
gated calcium channel cacophony in the AVM001b and AVM002b
cells in our TBPH mutant is sufficient to restore larval crawling
and rhythmic motor bursts. TBPH mutants show significant defects in larval crawling (Fig. 1), subtle changes in spontaneous
release at the neuromuscular junction (Fig. 3), and significant

Figure 7. TrpA1 activation of AVM001b and AVM002b cells does not rescue crawling in TBPH mutants. A, Larval crawling was measured at 30°C over 5 min and total distance crawled recorded.
TBPH mutants show no increase in larval crawling at 30°C. Driving UAS-TrpA1 with the R75C05-GAL4 driver in the TBPH mutant background showed no increase in larval crawling at 30°C compared
with the parental controls. Driving cacophony with the R75C05-GAL4 driver, however, showed a significant increase in distance crawled at 30°C compared with the parental controls and restoring
the total distance crawled to the same level as the wild-type controls. Driving UAS-TrpA1 expression with the OK6-GAL4 driver in a wild-type background produced immediate paralysis. Data were
analyzed using ordinary one-way ANOVA with a Sidak’s multiple-comparison test: ****p ⬍ 0.0001. ns 1, p ⫽ 0.09; ns 2, p ⫽ 0.0855; R(5,51) ⫽ 116.9, p ⬍ 0.0001. B, Larval crawling at room
temperature over 5 min before being placed at 30°C. TBPH mutants show reduced crawling. Driving UAS-TrpA1 with the R75C05-GAL4 driver in the TBPH mutant background had no effect on larval
crawling compared with the parental controls, whereas driving cacophony expression with the R75C05-GAL4 driver restored crawling at room temperature. ****p ⬍ 0.0001 (F(5,50) ⫽ 20.78, p ⬍
0.0001). C, Elimination of AVM001b/2b neurons has no effect on larval crawling. Embryos in which UAS-rpr was driven with either ApplX-GAL4 or OK6-GAL4 failed to hatch into the first instar
(denoted by ⌷). By contrast, third instar animals in which UAS-rpr was driven by R75C05-GAL4 showed no defects in crawling behavior. Driving UAS-cacRNAi with the R75C05-GAL4 driver had no
effect on crawling distance (F(3,50) ⫽ 2.251, p ⫽ 0.0938). D, Driving UAS-rpr and UAS-mCD8::GFP with R75C05-GAL4 does not produce fluorescence in the area occupied by the AVM001b/2b cells,
indicating that those cells have been killed in development. Data are mean ⫾ SEM of at least 10 animals.

loss of rhythmic motor bursts (Fig. 6). Surprisingly, driving cacophony in the AVM001b/2b cells, in the TBPH mutant background, was sufficient to rescue both larval crawling and
rhythmic motor pattern. It was not, however, sufficient to rescue
the changes in synaptic physiology at the neuromuscular junction, suggesting that changes in physiology at this location are not
sufficient to drive whole-animal motor defects.
TBPH has previously been reported to function in regulating
both mEPP amplitude and frequency of spontaneous release
(Diaper et al., 2013a). Here, we failed to elicit a rescue in the
frequency of spontaneous release, but we did observe a TBPHdependent rescue in mEPP amplitude, confirming a function for
TBPH in regulating the amplitude of mEPPs. Spontaneous neurotransmitter release is a core element of synaptic communication in mature neurons and is thought to function in modulating
activity-dependent transmission and synaptic homeostasis (Fatt

and Katz, 1952; Frank et al., 2006; Lee et al., 2010). Our inability
to rescue changes in mEPP amplitude while rescuing rhythmic
motor bursts suggests that this parameter does not directly regulate larger, systems-dependent behavior, such as crawling. This
conclusion is further supported by the fact that, although driving
cacophony with the R75C05-GAL4 driver rescued TBPH mutant
crawling, these animals showed no rescue in frequency of spontaneous release at the neuromuscular junction. Therefore, it
appears that TBPH-dependent changes in physiology at the neuromuscular junction are not driving the observed crawling
defects.
Cacophony is the primary voltage-gated calcium channel at
the Drosophila NMJ and is known to regulate evoked neurotransmission (Lee et al., 2014). It localizes with other presynaptic active zone proteins, bruchpilot and RIM, at active zones; and
expression of hypomorphic versions of the channel, such as cacs,

causes significant reductions in EJP amplitude (Kawasaki et al.,
2004; Fouquet et al., 2009; Graf et al., 2012; Lee et al., 2014).
Blocking cacophony channels irreversibly with PLTX-II similarly
caused a reduction in EJP amplitude (Fig. 4). Although cacophony is known to regulate evoked neurotransmitter release, it is
not known to directly regulate spontaneous release (Lee et al.,
2014). Therefore, not only was it initially surprising that our
TBPH mutant showed no reduction in evoked release, but
equally surprising that driving UAS-cac with the OK6-GAL4
driver was sufficient to rescue the frequency of spontaneous release. To test directly whether cacophony regulates the frequency
of spontaneous release, we pharmacologically blocked endogenous cacophony channels with PLTX-II. Blocking cacophony
with PLTX-II reduces the frequency of spontaneous release,
while not reducing mEPP amplitude (Fig. 4). Therefore, it appears that cacophony does indeed function in regulating the basal
frequency of spontaneous release at the NMJ.
Activation of AVM001b and AVM002b cells with channel
rhodopsin caused a slightly higher probability of larvae to present
escape behavior during crawling (Vogelstein et al., 2014). The
function of these cells in third instar larvae or adults has not been
characterized beyond that report. Therefore, it was quite surprising that restoring cacophony in these cells, in the TBPH mutant,
was sufficient to rescue both the crawling and rhythmic motor
bursts. This result suggests that these cells are either part of, or act
on, the motor program in such a way as to regulate the rhythmic
pattern of motor neuron bursts. How they do this remains unclear. Restoring TBPH only in these cells was not sufficient to
rescue the crawling defect. However, this could have been due to
the counteracting effect of cytotoxicity of TBPH overexpression
(Hanson et al., 2010; Vanden Broeck et al., 2013; Casci and Pandey, 2015).
To determine whether the restoration of locomotion is specific to cacophony expression or whether it could also occur with
general activation of these cells, we tested whether activation of
the AVM001b/2b cells with TrpA1 in the TBPH mutant could
also restore locomotion. We observed no rescue of the crawling
defect, suggesting that it was dependent upon the restoration of
cacophony specifically, not just an acute activation of these cells
(Fig. 7). The possibility of a thermosensory defect in TBPH mutants was also ruled out, as animals expressing cacophony under
the R75C05-GAL4 driver completely rescued the increase in distance crawled at 30°C. We also showed that eliminating these cells
had no effect on crawling (Fig. 7). Therefore, it seems that the
rescue of crawling behavior is specific to the chronic restoration
of cacophony in the AVM001b/2b cells through development.
In conclusion, our data show that TBPH-dependent defects at
the NMJ are insufficient to explain the TBPH-dependent locomotion observed in Drosophila larvae. Furthermore, restoring
the TBPH-dependent loss of cacophony in either motor neurons
or a discrete set of central neurons is sufficient to restore the
locomotion defects. If these effects are mirrored in human
TDP-43 proteinopathies, our observations could open new avenues to investigate alternative therapeutic targets for these neurodegenerative diseases.
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